Background: The windmill pitching motion has been associated with risk for shoulder injury. Because there are no pitching limits on youth fast-pitch softball pitchers, these athletes often pitch multiple games across consecutive days. Strength changes, fatigue levels, and shoulder pain that develop among female fast-pitch pitchers over the course of consecutive days of pitching have not been investigated.
Fast-pitch softball is one of the most popular and fastest growing sports among youth females. 9, 11 The number of high school softball players in the United States is nearing that of baseball. 21 The biomechanics of the traditional overhand pitch in baseball have been studied extensively, and the injury risk due to overuse and fatigue has been well documented. 4, [6] [7] [8] 20, 23, 28 In contrast, there is a relative paucity of research regarding biomechanics and injury risk related to the windmill pitch used in fast-pitch softball, potentially due to the perception that it is safer than the overhead pitch.
Biomechanical analyses of the windmill pitch show that the stress placed on the shoulder is similar to that seen with the overhead pitch. 2, 5, 22, 29 In addition, clinical studies have shown that the injury incidence in fast-pitch softball pitchers is substantial. 17, 25, 26 Studies such as these highlight the high prevalence of injury among fast-pitch softball pitchers, yet the incidence of injury, types of injury, and mechanisms of injury among these athletes remain poorly documented. Despite the growing evidence that the windmill pitching motion is not as safe as previously thought, there are no pitching limitations established in fast-pitch softball like there are in baseball. 24 Currently, a single pitcher may pitch multiple games in a single day for 2 to 3 days in a row, particularly in youth select-level tournaments. There have been no previous studies to determine changes in strength, fatigue, and pain related to realgame windmill pitching. In addition, the timetable for resolution of strength deficits seen after a single day of pitching is unknown. The purpose of this study was to quantify the objective strength changes and the subjective shoulder fatigue and pain levels in fast-pitch softball pitchers during 2 to 3 consecutive days of pitching. Our hypothesis was that, over the course of 2-and 3-day fast-pitch softball tournaments, pitchers will develop progressive objective weakness, along with increased subjective shoulder fatigue and pain without complete recovery between days of pitching.
METHODS

Participants and Study Design
Institutional review board approval was obtained before the initiation of the study. Over a 2-month study period, data were collected on 17 female fast-pitch softball pitchers between the ages of 14 and 18 years who were participating in 2-day and 3-day weekend tournaments hosted either by the Amateur Softball Association or the United States Specialty Sports Association. Pitchers and their legal guardians provided informed consent at the start of the tournament before participation in the study. Pitchers who were not scheduled to pitch every day of the tournament were excluded. Three pitchers were lost to followup after a single day of tournament play and were excluded from the analysis. One pitcher chose to exit the study and 2 pitchers were lost to follow-up after the tournament was cancelled due to weather. Thus, 14 pitchers were included in the final data analysis.
Data Collection
Upon entering the study, pitchers provided information on their demographics, softball history, and health history. Demographic data included age, race, height, weight, and hand dominance. Softball history included years of experience playing softball, years of experience pitching, months of the year participating in softball-related activities, average number of games pitched per week, highest level of competition, current amount of pitching instruction, types of pitches thrown, and other positions played besides pitcher. Health history included history of shoulder injury, history of shoulder pain, history of any major medical problems, and data on nutrition, bone health, and women's health. In addition, a Shoulder Activity Score 3 was recorded.
At the start and end of each day of tournament play, pitchers were assessed for fatigue, pain, and strength in the dominant throwing shoulder. Shoulder fatigue and pain were self-reported using a visual analog scale (VAS). Participants were asked to rate their shoulder fatigue and pain from 0 to 10, with 0 being no shoulder fatigue/ pain and 10 being the worst imaginable shoulder fatigue/ pain. The VAS has been validated as an instrument for quantifying subjective pain and fatigue. 12, 16, 19 Shoulder strength was objectively assessed using a handheld dynamometer (microFET3; Hoggan Health Industries) by a single trained examiner to eliminate measurement bias. Supraspinatus strength was measured in the Jobe position with the arm abducted 90°in the scapular plane and in full internal rotation. 13 Shoulder forward flexion strength was assessed in the speed position at 90°of shoulder flexion with the elbow fully extended and forearm fully supinated. External rotation strength was tested in 3 positions as described by Kelly et al. 14 With the elbow flexed 90°and forearm held in neutral rotation, external rotation strength was assessed first in 0°of abduction and 0°of rotation, second in 90°of abduction and 0°of rotation, and finally in 90°of abduction and 90°of external rotation.
14 Internal rotation strength was tested in 2 positions as described by Hayes et al. 10 Internal rotation strength was assessed first with the elbow flexed 90°and shoulder abducted 90°in 0°of rotation and second using the hand behind back lift-off test. 10 Finally, elbow flexion and extension strength were measured with the arm held by the side, elbow flexed 90°, and forearm supinated for assessing flexion and pronated for assessing extension. For all strength measurements, the dynamometer was set to the high sensitivity setting and placed on the distal third of the forearm just proximal to the wrist. 10 Each measurement was repeated 3 times with high reproducibility, and the median value of kilograms of force was used for data analysis. Evaluation of shoulder fatigue, pain, and strength was assessed in a standardized fashion by a single study author (S.A.S.). For each day of tournament play, the number of games played, the number of games pitched, the number of innings pitched, and the number of pitches thrown were recorded.
Statistical Analysis
A power analysis for nonparametric, paired data was performed with a 2-sided alpha level of .05 and a power of 80% to detect a difference of 2 on the VAS for fatigue and pain. A difference of 2 was chosen because this represents the minimal difference that is clinically significant. 27 Using this effect size, 16 participants were required for the study. The VAS was used for the power analysis rather than objective strength measures because clinically meaningful differences in VAS scores have been established, but the degree of strength loss that is clinically significant or the single strength measure that is most relevant among fast-pitch softball pitchers is unknown. Standard descriptive statistics were used to describe the cohort. Wilcoxon signed-rank test was used to compare differences in shoulder fatigue, shoulder pain, and strength before and after an average single day of tournament play and before and after an entire tournament. In addition, Wilcoxon signed-rank test was used to compare tournament and single-day differences in shoulder fatigue, shoulder pain, and strength as well as differences between initial and final baseline measures. For these analyses, the estimated median differences with 95% confidence intervals (95% CIs) were reported. The Spearman rho analysis was used to quantify the correlation between shoulder fatigue and shoulder pain and to evaluate the relationship between pitching exposure and subsequent shoulder fatigue and pain. Simple linear regression analyses were conducted to evaluate the relationships between the independent variables of age, body mass index (BMI), years of pitching experience, extent of pitching instruction received, and history of shoulder pain or shoulder injury and the dependent variables of shoulder fatigue, shoulder pain, and strength loss over the course of weekend tournaments. All tests of statistical significance were evaluated at a 2-sided alpha level of .05. Statistical analyses were conducted using SPSS statistical software version 22.0 (SPSS, Inc) and Minitab 17 (Minitab, Inc).
RESULTS
Eight pitchers participated in 3-day tournaments and 6 pitchers participated in 2-day tournaments. These athletes had a median age of 16.5 years and median pitching experience of 8 years (Table 1 ). Athletes pitched in 1.5 games per day and threw 82 pitches per day with a total exposure of 3.0 games pitched and 166 pitches thrown per tournament (Table 2) .
Over the course of an average single day of tournament participation, pitchers had a significant increase in shoulder fatigue and shoulder pain. On a VAS, pitchers' shoulder pain increased by 1.3 (95% CI, 0.5-2.3), which is statistically significant but does not reach the minimal clinically important difference for the VAS. Shoulder fatigue increased by 2.0 (95% CI, 1.3-3.0), which is statistically and clinically significant. In addition, over the course of an average single day of tournament participation, pitchers lost a significant amount of strength in 7 of 9 tests conducted (Table 3) .
Over the course of an entire tournament, pitchers reported an increase in shoulder pain of 2.5 (95% CI, 1.0-4.5) and shoulder fatigue of 3.5 (95% CI, 1.5-5.5) on a VAS compared with baseline values at the start of the tournament. Also, pitchers demonstrated a decrease in strength over the course of an entire tournament in 8 of 9 tests conducted, with only external rotation in adduction failing to reach statistical significance (Table 3 ). In addition, pitchers developed significantly more shoulder pain, shoulder fatigue, and weakness over the course of an entire tournament than over the course of an average single day of tournament participation (Table 4) .
In an analysis comparing the baseline measurements starting the first tournament day to the baseline measurements starting the final tournament day, there was a significant increase in shoulder pain (difference of 1.0 [95% CI, 0.0-2.0]) and shoulder fatigue (difference of 2.0 [95% CI, 0.5-3.5]) and a significant decrease in strength in 8 of 9 tests conducted, with only external rotation in adduction failing to reach statistical significance ( Table 4 ). The increase in subjective shoulder pain and fatigue and concomitant decrease in strength over the course of 2-day and 3-day tournaments are shown in Figures 1 and 2 , respectively. These figures illustrate the progressive increase in shoulder pain and fatigue and decrease in strength from the start of tournament play on Friday to the end of tournament play on Sunday. As can be seen, shoulder pain, fatigue, and strength do not fully recover between days. In addition, the accumulation of subjective shoulder pain and fatigue over the course of tournament play was closely correlated (Spearman's rho = 0.74, P \ .001).
Spearman's rho analyses did not show a relationship between pitching exposure and the development of shoulder fatigue and pain. There was no correlation between total pitches thrown, total innings pitched, or games pitched with any of the subjective or objective outcome measures.
In simple linear regression analyses assessing the relationships between age, BMI, years of pitching experience, extent of pitching instruction received, and history of shoulder pain or injury with the development of shoulder pain, fatigue, or strength loss, there were no significant associations detected. Older pitchers, pitchers with more years of experience, and pitchers with a higher BMI tended to develop more shoulder pain and fatigue over the course of a tournament, but these associations did not reach statistical significance.
DISCUSSION
This study is the first to quantify changes in fatigue, pain, and strength that occur in the upper extremity in fastpitch softball pitchers over consecutive days of pitching. Two-and 3-day tournaments are commonplace in youth fast-pitch softball, with teams often using the same pitcher throughout the tournament. Our data clearly show that shoulder and elbow strength decline after a single day of competitive windmill pitching and continue to decline over consecutive days of pitching. We also show that there are significant increases in subjective measures of shoulder fatigue and pain coinciding with this decline in strength. Importantly, pitchers did not recover to their baseline strength in many of the tested muscle groups by Shoulder pain and fatigue were measured using a visual analog scale from 0 to 10, with median values presented. Strength was measured in kilograms of force, with median values presented. All change values are estimated median differences with associated 95% CIs. ER, external rotation; IR, internal rotation. the day following pitching, indicating that there was an inadequate period of rest. This may account for the increase in pain experienced over the course of the tournament as tissue damage can occur in fatigued muscles. 1 Interestingly, we did not identify a dose-response relationship between pitching exposure and the development of fatigue and pain. It is possible that pitchers who pitched more had better fitness and were thus less likely to develop substantial pain and fatigue.
Prior biomechanical studies have demonstrated the high forces and torques generated at the shoulder and elbow during the windmill pitching motion. During the delivery phase of the windmill motion, peak compressive forces at the shoulder and elbow of 98% and 70% body weight, respectively, have been demonstrated. 2 The greatest torques at the shoulder generated during the windmill motion include abduction, internal rotation, and extension. 2 In addition, at the elbow, significant flexion torque is required to control elbow extension and initiate elbow flexion. 2 In the present study, the greatest strength changes were seen in shoulder abduction, flexion, internal rotation, elbow flexion, and elbow extension. Fatigue and strength loss of these muscle groups coincide with the demands placed on the upper extremity during the windmill pitching motion. In contrast, external rotation strength deficits were minimal in this study. External rotation was tested in 3 positions, and external rotation weakness was not consistently demonstrated in any single position. Numerous analyses showed strength changes in external rotation; however, the 95% CIs surrounding these differences were wide, indicating the variability in strength loss among pitchers. In addition, some of the statistically significant strength changes in external rotation were small and thus may not have been clinically significant. During the delivery phase of the windmill motion, at or just before ball release, there is a forceful deceleration of the arm. Maffet et al 18 showed that the teres minor is active in this deceleration of the humerus, but they concluded that there is reduced stress placed on the teres minor because of the dissipation of force as the arm contacts the lateral thigh. It is possible that the variability in external rotation weakness observed in our cohort may be due to variability in technique as the arm is decelerated during release of the ball.
It is possible that the subjective and objective fatigue and strength loss experienced by fast-pitch softball pitchers over the course of single and multiple consecutive days of pitching may predispose them to injury. In baseball, fatigue has been identified as one of the most significant risk factors for injury and the need for surgery. 6, 15 Mullaney et al 20 observed fatigue patterns in baseball pitchers similar to those seen in the fast-pitch softball pitchers in our study. Werner et al 28 showed that perceived fatigue reported during actual games in 7 Major League Baseball pitchers correlated to significant changes in body kinematics during throwing. Likewise, the fatigue patterns seen in our study may result in compensatory changes in pitching mechanics that place additional stress on the upper extremity and may increase the risk for injury. Further research is needed to determine what fatigue-related compensatory changes occur in fast-pitch pitching kinematics. Furthermore, future research is necessary to determine the degree of strength loss required for compensatory changes to occur. The extent of strength loss that is clinically meaningful among fast-pitch pitchers is not currently known. In addition, future research may clarify the relationship between upper extremity fatigue, strength loss, and subsequent shoulder injury.
Our study has a number of limitations, including the small sample size, dropout, and variability in the number of days played. We enrolled 17 participants initially, meeting our power analysis target of 16. Although 3 participants dropped out, the retention rate of 82% is generally acceptable for clinical investigations. Despite falling slightly below our power analysis target, the subjective measures of fatigue and pain and the objective strength measurements all showed statistically and clinically significant differences. Since our VAS scores were more precise than the power analysis presumed, the study was adequately powered despite the dropout. There is variability in the number of days pitched during the tournaments. Regardless of whether the athlete participated in 2-or 3-day tournaments, the same trend of increasing pain and fatigue without full recovery between days was observed. This cross-sectional assessment of pitchers in the mid to late part of the 3-to 4-month season may have included pitchers who were more prone to fatigue due to the cumulative effects of pitching through the season. Conversely, the pitchers may have been more conditioned at this point in the season and subsequently less prone to fatigue. Repeated assessment of the same pitchers throughout a season would help determine if pitchers were more easily fatigued in the beginning, middle, or end of the season. Smith et al 26 showed that most pitching injuries occur in the first 6 weeks of the season. Therefore, our study may have included a disproportionate number of healthy pitchers who had avoided early season injuries. A larger sample of pitchers over a broader cross section of the season would help increase the precision of our results and better model what risk factors contribute to fatigue and pain related to pitching.
CONCLUSION
There was a progressive increase in subjective shoulder fatigue and pain coinciding with a decrease in objective strength measures over the course of female fast-pitch softball tournaments. Pitchers developed significant shoulder fatigue and pain, as well as upper extremity weakness, without adequate recovery between consecutive days of pitching. The shoulder fatigue and weakness that accumulate with consecutive days of pitching may predispose to injury. Further research is needed to identify and characterize risk factors for shoulder fatigue, weakness, and pain and their association with subsequent risk for injury among fast-pitch softball pitchers.
